Abstract-In this paper, the basic design of an adaptive ground penetrating radar antenna is introduced. The antenna is able to adapt its input impedance to a variation in the antenna elevation and soil type to keep reflections at the antenna's terminal minimum. As a result, energy transfer from the generator to the antenna is maximized, which in turn maximizes the energy radiated by the antenna into the ground for different antenna elevations and soil types. The antenna is based on a wire bow-tie structure with variable flare angle for adjusting the antenna's input impedance. The flare angle variation is realized by short-circuiting the gaps separating the wires from the feed point of the antenna, for which electronic switching devices such as PIN diodes could be used to allow fast and convenient control of the antenna's flare angle.
I. INTRODUCTION
I N this paper we address a problem related to improvement of the performance of an impulse ground penetrating radar (GPR) from the antenna aspect. In particular, the problem pertains to an antenna matching problem. We have learned that when an antenna is situated in a proximity to the ground its input impedance varies significantly with the antenna elevation and the type of the ground [1] , [2] . From the system point of view, such input impedance variation is disadvantageous as it leads to difficulty in maintaining a matched condition at the antenna's terminal. When maximum power transfer from the generator to the antenna (via a transmission line) is considered critical, one should provide a variable matching device which is capable of coping with such impedance variation to achieve a matched termination of the antenna for different antenna elevations and ground types. While such a matching network can easily be devised for time-harmonic applications, it is not the case for time-domain applications. A variable ultrawide-band matching network needed by transient applications is difficult to produce and commercially available ones are expensive.
It has been demonstrated that the input impedance of typical GPR antennas (i.e., dipoles and bow ties) fluctuates more with antenna elevation for a larger dielectric permittivity of the ground [2] . Moreover, it has been found that the fluctuation is significant only for very small distances (i.e., a fraction of the wavelength corresponding to the central frequency of the exciting pulse) from the ground [2] . With varying antenna elevation it is difficult to keep reflections at the antenna's terminal minimum and this problem usually occurs during a practical GPR survey, in which the distance between the antenna and the ground varies due to nonflatness of the ground surface and/or the operator's movement (in the case of a hand-held system).
To deal with the above-mentioned problem one needs an antenna which should be adaptive with respect to the antenna elevation and soil types. It has been shown that the input impedance of a bow-tie antenna varies with flare angle [3] , offering the possibility of antenna matching by flare angle variation. When the input impedance of the antenna is modified by the presence of the ground, one may be able to compensate for it by adjusting the flare angle to keep reflections at the antenna's terminal minimum. However, varying the flare angle of a solid bow-tie antenna is not easily realizable and therefore solid bow ties are here approximated by wire bow ties. It has been demonstrated that the proposed wire bow-tie structure is a good approximation for a solid bow-tie antenna [4] . In this work, the main advantage of such a wire bow tie is that it offers the possibility for controlling the flare angle electronically. By virtue of the wire structure, it would be possible to implement electronic switching devices (e.g., PIN diodes) for deactivating certain wire elements of the antenna to form the desired flare angle. This approach allows a fast and convenient way for controlling the bow-tie flare angle required in a real GPR survey, as the antenna should promptly adapt to any changes in antenna elevation and soil type.
II. NUMERICAL ANALYSIS

A. Numerical Model
The geometry of the proposed adaptive wire bow-tie antenna is depicted in Fig. 1(a) . It can be seen that the antenna is basically an array of identical dipole elements having a common feed point and equal angular separation between two neighboring elements. The antenna comprises 16 wire elements in each of its arms with 10 angular separation between two adjacent elements. In Fig. 1(b) the model of the antenna's feed region is shown. It can be observed that the wires are separated from the feed point by 2 mm gaps and to obtain the desired flare angle, the corresponding gaps are short-circuited. Hence, the antenna is capable of forming eight effective flare angles, namely 10 , 30 , 50 , 70 , 90 , 110 , 130 , and 150 . The term "effective flare angle" is here used to designate a flare angle obtained in this way [with inactive (disconnected) wires remain physically present in the antenna] in order to distinguish it from real flare angles, which are obtained when the inactive wires are physically removed from the antenna. In Table I the possible effective flare angles of the proposed adaptive wire bow-tie antenna are listed together with the corresponding wires indicated in Fig. 1(b) needed to form the effective flare angles. In simulations an effective flare angle is formed by short-circuiting the corresponding gaps using a wire of one segment long. Since the antenna consists only of wires, the Numerical Electromagnetics Code (NEC-2) [5] has been selected as the main numerical tool due to its proven accuracy and efficiency for analyzing wire antennas. However, since NEC-2 renders inaccurate when modeling antennas touching the ground, for zero elevations the homemade code developed in [2] and [6] has been used. This code is based on the method of moments (MoM) with triangular-patch methodology using Green's functions for layered media which are valid at the air-ground interface. For wire structures this code is however much more time consuming than NEC-2 and therefore in this paper it is employed only for zero elevations. In addition, as NEC-2 is not capable of computing subsurface fields, another code has been developed in [4] . This code incorporates Green's functions for a lossy half-space to compute transmit waveforms in the subsurface using the antenna currents computed by NEC-2.
B. Free-Space Input Impedance
Assuming the positive time dependence , in Fig. 2 we present the computed input impedance of the proposed antenna (in free space) for all effective flare angles listed in Table I . It is interesting to compare the results with the input impedance of the antenna due to real flare angles, given in Fig. 3 . One observes in Fig. 3 that reducing the real flare angle generally leads to an increase of the impedance level with stronger oscillation of the impedance curves, which is a typical behavior of solid bow-tie antennas [7] . For the input impedance due to the effective flare angles in Fig. 2 , such a behavior is however observable only for frequencies below 1 GHz. At higher frequencies the impedance behaves oppositely, for which reducing the real flare angle generally leads to a decrease of the resistance level, a more inductive behavior of the reactance, and flatter impedance curves. The only conceivable explanation for the occurrence of this inductive behavior is the presence of the inactive wires which introduces an inductive loading in the antenna. We notice that a reduction of the effective flare angle is followed by an increase in the number of inactive wires, which in turn results in a larger value of the inductance, causing the more pronounced inductive behavior for smaller flare angles shown in Fig. 2 . In the figure it can also be seen that the inductive behavior is more pronounced at higher frequencies as the significance of an inductive loading increases with frequency. Moreover, due to the presence of the inductive loading the oscillation of the impedance curves, which is caused by reflections at the antenna ends, is also reduced. From the physical point of view this means that the currents reflected at the ends induce the inactive wires, so that they contain less energy when returning to the feed point. In effect, especially at high frequencies this reduces the oscillation of the impedance curves for small flare angles, as seen in Fig. 2 . Furthermore, it is worth mentioning that the discontinuities in the form of the peaks observed in Figs. 2 and 3 [e.g., the one that can clearly be seen at about 1 GHz in Figs. 2(b) and 3(b)] have been found to be caused by spurious modes generated in the antenna. These spurious modes can be remedied by using additional wires to connect the ends of neighboring wires [8] .
In addition, it can be seen in Fig. 2 that for low frequencies (below 1 GHz) decreasing the effective flare angle generally shifts the reactance down, indicating the more capacitive behavior of the antenna attributed to the presence of more gaps. As frequency increases, the influence of the capacitive loading introduced by the gaps decreases due to the increase in the electrical length of the gaps' width. Especially for small effective flare angles it is obvious that at high frequencies (above 1 GHz) the role of the capacitive loading is taken over by the inductive loading, indicated by the increase of the reactance. 
C. Reflection Coefficient
From the practical point of view it is imperative to observe the reflections experienced by the exciting pulse at the terminal of the antenna due to mismatch between the antenna and the feed line. In transient applications such as impulse GPR those reflections correspond to the input impedance due to the initial response of the antenna [9] . This is the input impedance that would be "seen" by the exciting pulse at the moment of excitation. In this work the antenna's initial response is obtained by removing reflections at the antenna ends using a time-window technique [2] , [6] . Using the method outlined in [2] the initial-response input impedance of the proposed antenna is then computed as functions of the antenna elevation above the ground with different electrical properties. The types of soil considered for the simulations are dry sand ( S/m), dry clay ( S/m), and moist clay ( S/m), modeled as a half-space. Furthermore, we employ an excitation impulse which is a monocycle with duration of 0.8 ns [2] . The input impedance of the proposed antenna due to the 0.8-ns monocycle has been computed using NEC-2 for a number of elevations from 1 to 6 cm and using the above-mentioned homemade code for zero elevations. The computed results have been interpolated and are given in Fig. 4 for all possible effective flare angles. The results clearly demonstrate the possibility to adjust the input impedance of the antenna by varying the effective flare angle, which could be useful for matching purposes. However, Fig. 4 also indicates that when the antenna is fed by a traditional 50-Ohm feed line, minimal reflections at the antenna's terminal would be achieved only by the largest possible effective flare angle (150 ). Thus, in this case varying the flare angle will not be useful for the purpose of antenna matching for different elevations and ground types. This problem can be tackled by feeding the antenna using a feed line with larger characteristic impedance to enlarge the dynamic range of the effective flare angle variation with respect to the variation of the reflections at the antenna's terminal. To optimize the dynamic range of the effective flare angle variation, we propose to increase the characteristic impedance of the feed line to the value of the characteristic impedance of a solid bow tie with 90 flare angle in free space, which according to [3] is 188 . However here we take a value of 200 to make it more easily realizable in practice. The resulting reflection coefficients due to the 200-Ohm feed line were computed using the technique described in [4] , which is similar to that introduced in [9] . The computed reflection coefficients as functions of elevation for the three soil types are plotted in Fig. 5 . As a consequence of this approach, an ultrawide-band impedance transformer is needed to increase the characteristic impedance of the feed line to 200 . Such a device will however not be discussed here, as it lies outside the scope of this paper. It is evident in Fig. 5 that for the three soil types, the ground significantly influences the reflection coefficient only for small distances from the interface. In all cases minimum reflection coefficients are achieved for elevations higher than about 3 cm by an effective flare angle of 110 . For dry sandy soil in Fig. 5(a) , when the antenna is very close to the interface (less than about 3 cm from the interface) minimum reflections at the antenna's terminal can be maintained by switching the effective flare angle to 90 . While for clayey soil in Fig. 5(b) and (c) minimum reflections for very low elevations can generally be achieved by switching the flare angle to 90 and 70 for elevations between about 3 and 1.5 cm, and between 1.5 and 0 cm, respectively. It can be seen that for elevations lower than 0.5 cm minimum reflections can also be achieved by an effective flare angle of 50 .
The above results demonstrate the adaptation capability with respect to the reflections at the terminal of the proposed antenna for different elevations and soil types. However, this adaptation capability would not be evident when the antenna is fed by a traditional 50-feed line. By increasing the characteristic impedance of the feed line to an appropriate value, one improves the dynamic range of the effective flare angle variation with respect to the variation of the reflections at the antenna's terminal. In this way, minimum reflections can be obtained for different elevations and soil types by adjusting the effective flare angle accordingly. Note that when the characteristic impedance of the feed line is too large, it would also make the adaptation capability ineffective. Thus, the characteristic impedance of the feed line should not be increased excessively. Intuitively, one may choose the optimal value of the characteristic impedance of the feed line to be the value of the characteristic impedance of a 90 bow tie in free space. This seems to be a good choice as it is shown above that minimum reflections at the antenna's terminal for different antenna elevations and soil types can be achieved by a relatively wide range of effective flare angles, i.e., 50 , 70 , 90 , and 110 .
D. Radiated Fields
In impulse GPR applications the waveform of the transient fields transmitted into the ground should accurately be known to improve imaging of the subsurface. In particular, for the proposed antenna it is important to examine the influence of the gaps and the corresponding inactive wires on the waveform. For this purpose, in the following paragraphs we compare the waveforms of the antenna for each effective flare angle with the waveforms due to real flare angles in free space.
It is important first to observe the shape of the transmitted main pulse (the pulse which is radiated directly from the feed point) because it mainly determines the waveforms transmitted by the antenna into the subsurface. To this end, a series of computations by NEC-2 has been carried out, for which the 0.8-ns monocycle was used for excitation and the observation point was chosen to be 25 cm in the broadside direction of the antenna in free space. The computed transmit waveforms due to effective and real flare angles are shown in Fig. 6 , where it can be seen that the main pulse is followed by strong end reflections for all flare angles. It is important to notice that the shape of the main pulse preserves the shape of the 0.8-ns monocycle for all effective flare angles and is not much changed by the presence of the gaps. In the practical implementation of the antenna one could suppress the end reflections by applying resistive loading, as the wire structure of the antenna allows relatively simple realization of such loading.
Furthermore, in Fig. 6(a) we observe that the shape of the end reflections resembles the shape of the first derivative of the main pulse. This behavior can be explained by the inductive property of the antenna introduced by the narrow spacing between the wires (especially near the feed point). Because of this, in frequency domain the current along the wires experiences an inductive impedance proportional to (with being the angular frequency and the value of the inductance), which is equivalent to differentiation in time domain. In Fig. 6(b) it can be seen that in the case of real flare angles the end reflections are differentiated more pronouncedly with a larger number of wires as it corresponds to a larger value of . Such a behavior does not occur with a dipole, which consists only of a single wire in each of its arms. It has also been shown in [4] , theoretically and experimentally, that the end reflections of a solid bow-tie antenna experience a similar behavior, although less pronounced than in the case of the wire bow-tie antenna shown here. Moreover, we observe that the reduction of the amplitude of the main pulse with decreasing effective flare angle in Fig. 6(a) is less than with decreasing real flare angle in Fig. 6(b) . It is found that the amplitude of the main pulse is reduced by 30% and 43% in the former and the latter situation, respectively. This indicates that a portion of the currents is induced on the inactive wires, which in turn contributes to the favorable increase in the amplitude of the main pulse.
To analyze the fields transmitted into the ground, the subsurface transmit waveforms of the antenna have been computed using NEC-2 and the code for subsurface field analysis mentioned above. As an example, the transmit waveform of the antenna with an effective flare angle of 130 is plotted in Fig. 7 . The observation point is located at a 16-cm depth in the broadside direction of the antenna which is elevated 1 cm above dry clay having and S/m. It obvious that the amplitude of the end reflections relative to the main pulse is smaller in comparison with the free-space case in Fig. 6(a) due to the presence of the lossy soil in the vicinity of the antenna. Nevertheless, it is shown that the main pulse preserves the shape of the 0.8-ns monocycle used for excitation.
Moreover, for impulse GPR it is important to examine the amplitude of subsurface transmit waveforms since it indicates the amount of the energy transmitted by the antenna into the ground. In fact, the amount of the energy transmitted into the ground depends not only on mismatch losses at the antenna's terminal but also on the antenna's footprint. An antenna footprint is defined as a distribution of the peak values of transmit waveforms within a horizontal plane on the ground surface or subsurface, which indicates the shape and size of the spot illuminated by the antenna [6] . In Fig. 8 , we present the normalized peak-to-peak values of the subsurface waveforms transmitted in the broadside direction of the proposed antenna, computed for different effective flare angles. Note that in this figure mismatch losses are not taken into account (the antenna is assumed to be always matched to the feed line), and hence the curve is determined mainly by the antenna footprint which varies with the flare angle [6] . This curve has been found to be typical for different depths, antenna elevations and soil types considered in this paper. It is shown that the largest values correspond to effective flare angles of 110 , 130 and 150 , because for these angles the footprints are the smallest and therefore give the highest radiation intensity on the illuminated spot. As an example, the computed footprint of the antenna is plotted for an effective flare angle of 130 in Fig. 9 , where it can be seen that on the dB level the radiated fields concentrate on a nearly circular spot. In Fig. 10 the normalized peak-to-peak values of the subsurface waveforms are plotted by taking the mismatch losses between the antenna and the feed line into account. The antenna is assumed to be fed by a feed line with 200-Ohm characteristic impedance, and elevated 1 and 6 cm above the ground which is assumed to be dry sand in Fig. 10(a) and dry clay in Fig. 10(b) . Since the radiated electric field is linearly proportional to the transmission coefficient at the antenna's terminal, the curve in Fig. 10 is obtained as the product of the curve in Fig. 8 and the transmission coefficients derived from the reflection coefficients presented in Fig. 5 . It is demonstrated in Fig. 10 that the energy radiated into the ground can be optimized by varying the effective flare angle for different antenna elevations and ground types. It can be seen that the amplitude of subsurface waveforms is maximized by changing the effective flare angle to 70 , 90 or 110 for the given elevations and ground types. Note that those effective flare angles correspond to the minimum reflection coefficients in Fig. 5 for the respective elevations and ground types. It means that by selecting the proper effective flare angle for a certain elevation and ground type one can optimize both the energy transfer from the generator to the antenna and the energy radiated by the antenna into the ground.
III. EXPERIMENTS
The model of the proposed antenna shown in Fig. 1 has been constructed for experimental investigations. The experimental antenna is shown in Fig. 11 . The antenna is 50 cm long and the diameter of the wires is 2 mm. The wires are hold together by a PVC support as can be seen in the figure. The PVC support has been used for this purpose due to practical considerations. However, its presence in the feed region substantially modifies the antenna's input impedance and hence this leads to a discrepancy between the computed and measured input impedance of the antenna [4] .
As can be seen in Fig. 11(b) , the feed region of the experimental antenna consists of the mentioned PVC support, the feed point, two small bow-tie plates, the wires, and the gaps. The small bow-tie plates form the wire junctions at which the wires meet. The 2-mm gaps modeled in Fig. 1(b) have been constructed in the experimental antenna between the wire ends and the bow-tie plates, as shown in the figure. In the measurements, to form a certain effective flare angle the corresponding gaps listed in Table I are manually short-circuited.
The input impedance with respect to the exciting 0.8-ns monocycle has been measured by means of the measurement setup and technique described in [2] , which do not require the use of any balun. The antenna is situated above dry sand with relative dielectric permittivity in the 500 MHz-3 GHz range and with very small conductivity. The result as functions of elevation above the dry sand is presented in Fig. 12 for all possible effective flare angles. It is apparent that the antenna has different levels of input impedance for different effective flare angles, which offers an antenna matching possibility by flare angle variation. One also observes that the antenna becomes more capacitive as the effective flare angle is reduced due to the presence of more gaps in the antenna. Such a behavior has been theoretically predicted by the simulation results shown in Fig. 4(a) . We observe that in comparison with the computed input impedance in Fig. 4(a) , the largest absolute value of the measured input impedance is reduced by about 100 due to the presence of the PVC support in the feed region of the experimental antenna. NEC-2 is unfortunately not able to model such a dielectric material in the antenna. Nevertheless, the reduction of the antenna's input impedance due to the PVC support has been predicted by a simulation using the commercial code FEKO which is capable of modeling a metallic antenna with a dielectric part [4] . This 100-Ohm drop of the input impedance is disadvantageous for the antenna's adaptation capability because it reduces the dynamic range of the flare angle variation significantly. It means that the possibility for antenna matching by varying the effective flare angle for different antenna elevations and soil types becomes more limited.
Making use of the measurement technique outlined in [2] for avoiding using a balun, the antenna has been fed by a twin semi-rigid cable with 100-Ohm characteristic impedance. The reflection coefficients due to mismatch between the feed line and the antenna are given in Fig. 13 as functions of elevation for all possible effective flare angles. It is shown in the figure that the effective flare angle of 130 provides the best-matched condition for all elevations above the sand. This fact can easily be deduced from Fig. 12 where at 130 for most of elevations the resistance and the reactance assume a value of nearly 100 and 0 , respectively. However, in this case the adaptation capability of the antenna is not really evident since the best matched condition is achieved only by a single flare angle for all antenna elevations. In Section II we have proposed to increase the characteristic impedance of the feed line to enlarge the dynamic range of the flare angle variation. By inspection of Fig. 12 one observes that unfortunately increasing the characteristic impedance of the feed line in this case would degrade the reflection coefficient for very small elevations (few millimeters) as the values of the resistance for these elevations are already smaller than 100 . It is found that to some extent this problem can be remedied by slightly lowering the characteristic impedance of the feed line to a proper value. In Fig. 14 the reflection coefficients due to a feed line with 90-Ohm characteristic impedance is plotted for all possible effective flare angles. In this case the adaptation capability of the antenna is more evident as minimum reflections are obtained by two different effective flare angles, i.e., 130 for very low elevations and 150 for higher elevations. Hence, one can obtain the best matched condition for any antenna elevation by switching the effective flare angle to either 130 or 150 . In Fig. 4 it is indicated that generally when the permittivity of the ground changes from small to large (e.g., the ground changes from sand to clay), the absolute value of the input impedance drops by approximately 30 or more for elevations lower than 5 mm. This suggests that the adaptation capability of the antenna with 90-Ohm feed line would be more pronounced for a ground with larger permittivity since the minimum reflection coefficient for very low elevations would be shifted to a smaller effective flare angle, which in effect enlarging the dynamic range of the flare angle variation. In such a situation minimal reflection coefficients for different elevations could be obtained by two or more effective flare angles, as demonstrated theoretically in Fig. 5 . In addition, Fig. 5 shows that the adaptation capability of the antenna would be much better without the use of the PVC support which significantly reduces the absolute value of the input impedance. Hence, when the use of such a support is inevitable, one should select a dielectric material with minimal impact on the input impedance.
In this paper, the effective flare angle variation is performed manually by short-circuiting the gaps between the wires and the feed point. As this approach is adequate for a laboratory evaluation, it is not acceptable for a practical implementation since the antenna should be able to adapt to ground and elevation changes promptly and therefore the short-circuiting of the gaps should be performed rapidly. To realize the effective flare angle variation in the most convenient way one should be able to short-circuit the gaps electronically, for which electronic switching devices (e.g., circuits involving PIN diodes) are needed. The implementation of such switching devices in the proposed antenna will be reported in a future paper.
IV. CONCLUSION
An adaptive antenna for impulse GPR applications has been proposed. The antenna is capable of adapting its input impedance against a variation in the antenna elevation and soil type for maintaining a minimum reflection at the antenna's terminal to obtain the best matched condition between the antenna and the feed line. The antenna is based on a wire bow-tie structure and the antenna adaptation is achieved by varying the flare angle of the antenna, for which the wires are separated from the feed point by narrow gaps. It has been shown that the flare angle variation can be done by short-circuiting the gaps, which would allow one to control the flare angle electronically using electronic switching devices such as PIN diodes. It has been demonstrated theoretically that the best matched condition can be achieved by at least three different effective flare angles for different antenna elevations and soil types. As a result, energy transfer from the generator to the antenna is maximized, which in turn maximizes the energy radiated by the antenna into the ground. The adaptation capability of the proposed antenna has been confirmed experimentally.
